We have shown previously that garlic constituent diallyl trisulfide (DATS) inhibits growth of cultured and xenografted human prostate cancer cells in association with apoptosis induction, but the mechanism of cell death is not fully understood. The present study systematically investigates the role of inhibitor of apoptosis (IAP) family proteins in the regulation of DATS-induced apoptosis using cultured PC-3 and LNCaP human prostate cancer cells and dorsolateral prostate from control and DATS-treated transgenic adenocarcinoma of mouse prostate (TRAMP) mice. Level of X-linked inhibitor of apoptosis (XIAP) protein was decreased on 8-hour treatment with 20 and 40 mmol/L DATS, but this effect was partially attenuated at the 16-hour time point. DATS-mediated decline in XIAP protein level was partially reversible in the presence of proteasomal inhibitor MG132. In contrast, DATS-treated PC-3 and LNCaP cells exhibited marked induction of survivin and cellular inhibitor of apoptosis protein 1 (cIAP1) proteins. Induction of survivin protein expression resulting from DATS exposure was associated with an increase in its mRNA level. Dorsolateral prostates from DATS-treated TRAMP mice exhibited statistically significant downregulation of XIAP and induction of survivin protein compared with those of control mice. Ectopic expression of XIAP conferred partial but significant protection against DATS-induced apoptosis. On the other hand, DATS-induced apoptosis was only marginally affected by RNA interference of survivin or cIAP1. In conclusion, the present study indicates that the DATS-induced apoptosis in prostate cancer cells is mediated in part by suppression of XIAP protein expression, and that XIAP represents a viable biomarker of DATS response for future clinical investigations. Cancer Prev Res; 4(6); 897-906. Ó2011 AACR.
Introduction
Prostate cancer remains a serious public health concern for men especially those residing in western countries such as United States. In spite of screening efforts and continuous evolution of targeted therapies, thousands of American families are affected by this devastating disease each year (1) . Consequently, novel preventive interventions are attractive to reduce health care cost, morbidity, and mortality associated with this malignancy in men. Natural products, including bioactive food components, are attracting increased attention for discovery of small molecules for cell biological applications as molecular probes to ascertain protein function as well as for identification of novel cancer chemopreventive and therapeutic agents (2) (3) (4) (5) . Organosulfur compounds (OSC) derived from Allium vegetables (e.g., garlic) appear promising for cancer prevention (6) . Chemopreventive OSCs are generated on processing (cutting or chewing) of Allium vegetables via reactions involving allinase-mediated enzymatic conversion of S-alk(en) yl-L-cysteine sulfoxide to alkyl alkane thiosulfinates such as allicin followed by instant decomposition of these byproducts (7) . Oil-soluble OSCs, including diallyl trisulfide (DATS), have been extensively studied for their cancer chemopreventive effects. The OSCs are effective inhibitors of chemically induced cancer in experimental rodents (8) (9) (10) . DATS administration by gavage inhibited growth of PC-3 human prostate cancer cells subcutaneously implanted in male athymic mice without causing any adverse side effects (11) . We also showed recently that DATS administration significantly inhibited incidence as well as burden (affected area) of poorly differentiated prostate cancer and pulmonary metastasis multiplicity in a transgenic mouse model of prostate cancer (transgenic adenocarcinoma of mouse prostate; hereafter abbreviated as TRAMP; ref. 12) . Growth inhibitory effect of DATS against PC-3 cells in vivo was associated with a significant increase in number of apoptotic bodies (11) . Dorsolateral prostates from DATS-treated TRAMP mice also exhibited increased abundance of apoptotic bodies in comparison with control, although the difference was not significant (12) .
In cultured human prostate cancer cells, DATS treatment has been shown to cause cell-cycle arrest, apoptosis induction, and transcriptional repression of androgen receptor (13) (14) (15) (16) (17) (18) (19) . Furthermore, DATS treatment inhibited angiogenesis in human umbilical vein endothelial cells (20) . Studies have provided novel insights into the molecular circuitry of apoptotic cell death resulting from DATS exposure in human prostate cancer cells (13, 16, 18, 21) . For example, DATS treatment caused activation of c-Jun Nterminal kinase and inhibition of constitutive as well as interleukin-6-inducible activation of signal transducer and activator of transcription 3 (STAT3) in human prostate cancer cells (13, 21) . Although STAT3 activation was largely dispensable for proapoptotic response to DATS (21) , cell death resulting from DATS treatment was significantly attenuated by pharmacological inhibition of c-Jun N-terminal kinase (13) .
Apoptosis is a complex process regulated by multiple molecules that function as either promoters (e.g., Bax and Bak, caspases) or inhibitors of the cell death processes (e.g., Bcl-2, Bcl-xL, and IAP family proteins; refs. [22] [23] [24] [25] [26] . The IAP family protein has emerged as critical regulator of caspasemediated apoptotic cell death by different stimuli (24) (25) (26) . The IAPs are evolutionarily conserved proteins that serve to inhibit apoptosis by binding to and inhibiting activation of caspases (24) (25) (26) . Elevated expression of IAP proteins, including X-linked inhibitor of apoptosis (XIAP) and survivin, has been reported in human prostate cancers (27) (28) (29) . Even though IAP expression did not correlate with Gleason grade or prostate-specific antigen levels (27) , high XIAP expression was shown to be a strong and independent predictor of human prostate cancer recurrence (29) . Previous work from our laboratory has established that the mitochondria-mediated apoptosis induction by DATS treatment is accompanied by induction of Bax and/or Bak in cultured and xenografted human prostate cancer cells (11, 13, 18) . However, the role of IAP family proteins in regulation of DATS-induced apoptosis is unclear. The present study systematically addresses this question using PC-3 (an androgen-independent cell line lacking functional p53) and LNCaP (an androgen-responsive cell line expressing wild-type p53) human prostate cancer cells, and dorsolateral prostates from control and DATS-treated TRAMP mice obtained from a previously completed study (12) .
Materials and Methods
Reagents DATS (purity >98%) was purchased from LKT Laboratories. Cell-culture reagents, including F-12K medium, FBS, and penicillin/streptomycin antibiotic mixture were purchased from Invitrogen-Life Technologies; RPMI 1640 medium and minimum essential medium were from Cellgro, and MG132 was from Calbiochem. Antibody against cIAP1 (CS4952) was purchased from Cell Signaling; antibody against XIAP used for Western blotting was purchased from BD Biosciences (610717); antibody against XIAP used for immunohistochemistry was purchased from Abcam (21278); antisurvivin antibody (for immunoblotting and immunohistochemistry) was purchased from Novus Biologicals (NB-500-201); and antiactin antibody was from Sigma-Aldrich (A5441). Survivin-and cIAP1-targeted siRNA were purchased from Santa Cruz Biotechnology. A nonspecific control siRNA was obtained from Qiagen. Fugene6 transfection reagent and a kit for quantitation of histone-associated apoptotic DNA fragment release into the cytosol were purchased from Roche Diagnostics.
Cell lines
PC-3, LNCaP, and DU145 human prostate cancer cells were obtained from American Type Culture Collection (ATCC). Cell line authentication (PC-3, LNCaP, and DU145) was done by Research Animal Diagnostic Laboratory (University of Missouri, Columbia, MO) to test for interspecies contamination and alleles for short tandem repeats identifiable in the ATCC database. The cells were last tested in July 2010. Each cell line was found to be of human origin. The genetic profiles for PC-3 and LNCaP cells were consistent with the genetic profiles in the ATCC database. The LNCaP cells were maintained in RPMI 1640 medium supplemented with 1 mmol/L sodium pyruvate, 10 mmol/L HEPES, 0.2% glucose, 10% (v/v) FBS, and 1% penicillin/streptomycin antibiotic mixtures. PC-3 cells were cultured in F-12K Nutrient Mixture supplemented with 7% (v/v) FBS and 1% penicillin/streptomycin antibiotic mixture. DU145 cultures were maintained in minimum essential medium supplemented with 1 mmol/L sodium pyruvate, 0.1 mmol/L nonessential amino acids, 1.5 g/L sodium bicarbonate, 10% (v/v) FBS, and 1% penicillin/streptomycin antibiotic mixtures. Each cell line was maintained in an atmosphere of 95% air and 5% CO 2 at 37 C. Stock solution of DATS was prepared in dimethyl sulfoxide (DMSO) and an equal volume of DMSO (final concentration 0.1%) was added to the controls.
Immunoblotting
After treatment, cells were collected and lysed as described by us previously (30) . Proteins were resolved by SDS-PAGE and transferred onto polyvinylidene fluoride membrane. Immuoblotting was done as described by us previously (14, 19, 21, 30) .
Reverse transcriptase-PCR
Total RNA from DMSO-treated control or DATS-treated cells was isolated using RNeasy kit (Invitrogen-Life Technologies). The cDNA was synthesized with the use of 1 mg of total RNA using SuperScript III reverse transcriptase (Invitrogen) with oligo(dT) 20 C for 45 seconds, and at 68 C for 45 seconds. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control as in our previous study (31) .
Immunohistochemical analysis for XIAP and survivin protein expression in the dorsolateral prostate of TRAMP mice
We have shown previously that DATS by gavage (2 mg/d/ mouse, 3 times per week for 13 week beginning at 8 week of age; n ¼ 16 for control group and n ¼ 19 for DATS treatment group) significantly inhibits incidence and burden (affected area) of poorly differentiated prostate cancer in TRAMP mice without suppressing T-antigen expression (12) . In the present study, we used 4-to 5-mm sections from paraffin-embedded dorsolateral prostates available from the same study (12) for immunohistochemical analysis of XIAP and survivin. Initially, we selected 5 samples each from the control and the DATS treatment groups matched by prostate weight [control group prostate weight, 234.6 mg AE 59.4 mg (mean AE SD) vs. DATS treatment group, 221.0 mg AE 60.5 mg (mean AE SD)]. Mice of both groups had microscopic evidence of prostate cancer. One section from the control group was damaged during immunohistochemical staining for survivin, and thus was not available for analysis. Because the difference in expression of XIAP and survivin was statistically significant between control and DATS treatment groups even with a small sample size (XIAP, n ¼ 5 for control as well as DATS treatment groups; survivin, n ¼ 4 for control group and n ¼ 5 for DATS treatment group), examination of additional specimens was not necessary. The sections were processed for immunohistochemical analysis of XIAP and survivin as described by us previously for other proteins (11, 12) . Three to 5 nonoverlapping images from each tumor section were captured and analyzed using Image Pro Plus software as described by us previously (12) .
Ectopic expression of XIAP
PC-3 and DU145 cells (5 Â 10 4 for both cell lines) were seeded in 6-well plates, allowed to attach, and transiently transfected at 60% confluency with empty pcDNA3.1 vector or pcDNA3.1 vector encoding for XIAP (Addgene) using Fugene6. Twenty-four hours after transfection, the cells were treated with DMSO (control) or DATS for specified time period. Cells were collected and processed for immunoblotting and determination of histone-associated DNA fragment release into the cytosol, which is a well-accepted technique for quantitation of apoptotic cell death. Histoneassociated DNA fragment release into the cytosol was determined using a kit from Roche Diagnostics and by following the manufacturer's instructions.
RNA interference
PC-3 and LNCaP cells (5 Â 10 4 for each cell line) were seeded in 6-well plates, allowed to attached, and transfected at 50% confluency with 100 nmol/L survivin or cIAP1-targeted siRNA using oligofectamine. Twenty-four hours after transfection, the cells were treated with DMSO (control) or DATS for specified time period. Subsequently, the cells were collected and processed for immunoblotting and measurement for histone-associated DNA fragment release into the cytosol.
Statistical analysis
Each experiment was carried out at least twice with triplicate measurements for quantitative comparisons. Statistical significance of difference in measured variables between control and treated groups was determined by Student's t test or 1-way ANOVA. Difference was considered significant at P < 0.05. Figure 1A depicts immunoblotting data for the effect of DATS treatment on levels of IAP family proteins. Protein level of XIAP was suppressed markedly on 8-hour treatment of PC-3 and LNCaP cells with DATS in a dosedependent manner. DATS-mediated decline in XIAP protein was partially reversible on extended incubation (16 hours; Fig. 1A ). To the contrary, the DATS-treated PC-3 and LNCaP cells exhibited a marked increase in level of survivin protein especially at the 16-hour time point in both cell lines. Expression of cIAP1 protein was also increased on treatment of PC-3 and LNCaP cells with DATS (Fig. 1A) . These results showed differential effect of DATS treatment on expression of IAP family proteins in prostate cancer cells.
Results

DATS treatment differentially affected levels of IAP proteins in prostate cancer cells
To gain insight into the mechanism of DATS-mediated alteration in IAP family proteins, we determined expression of XIAP and survivin mRNA by reverse transcriptase-PCR (RT-PCR). This analysis was restricted to XIAP and survivin because the effect of DATS was most pronounced on these proteins. As can be seen in Figure 1B , the DATS-mediated decrease in XIAP protein level (Fig. 1A) was not due to its transcriptional repression. On the other hand, survivin mRNA level was increased markedly on treatment of PC-3 and LNCaP cells with DATS (Fig. 1B) . Interestingly, the DATS-mediated induction of survivin mRNA expression was relatively more pronounced in the PC-3 cells compared with LNCaP.
Next, we questioned whether DATS-mediated downregulation of XIAP protein expression was due to its proteasomal degradation. We addressed this question using MG132, a well-accepted proteasomal inhibitor. As can be seen in Figure 1C , DATS-mediated suppression of XIAP protein was markedly reversed in the presence of MG132 in both cell lines. These results indicated that while DATS treatment triggered proteasomal degradation of the XIAP protein, induction of survivin protein resulting from DATS treatment was accompanied by its transcriptional upregulation.
DATS administration caused downregulation of XIAP protein and induction of survivin protein in the dorsolateral prostates of TRAMP mice Previous work from our laboratory has revealed that oral administration of DATS significantly inhibits incidence and burden of poorly differentiated prostate cancer in the dorsolateral prostate of TRAMP mice without causing any side effects (12) . For example, the incidence of poorly differentiated cancer was reduced by about 34% to 41% in the dorsolateral prostate of DATS-treated TRAMP mice in comparison with controls (12) . We used dorsolateral prostate tissues from this study (control and 2 mg DATS treatment groups) to test in vivo relevance of the cellular results (Fig. 1A) . Representative immunohistochemical images for XIAP expression are shown in Figure 2A . In agreement with cellular data, expression of XIAP protein was modestly but statistically significantly reduced in the dorsolateral prostate of DATS-treated mice compared with that of control mice (Fig. 2B) .
We also carried out immunohistochemistry for survivin expression using dorsolateral prostate sections from control and DATS-treated mice, and data for 3 representative mice of each group are shown in Figure 3A . As can be seen in Figure 3B , the level of survivin protein was modestly but significantly higher in the dorsolateral prostate of DATStreated mice compared with those of control mice (Fig. 3B) . These results indicated that the DATS-mediated changes in IAP family proteins observed in cultured prostate cancer cells were also evident in vivo. expression to determine its role in DATS-induced apoptosis. As can be seen in Figure 4A , the level of XIAP protein was increased by about 2.2-fold in PC-3 cells transfected with the pcDNA3.1 encoding for XIAP in comparison with empty vector-transfected control cells (compare lane 1 vs. lane 3 in Fig. 4A ). Similar to untransfected PC-3 cells (Fig. 1A) , the level of XIAP protein was decreased by 50% on 24-hour treatment of empty vector transfected control cells with 40 mmol/L DATS (Fig. 4A) . Moreover, the XIAP overexpressing PC-3 cells were partially but significantly more resistant to DATS-induced histone-associated DNA fragment release into the cytosol compared with the empty vector-transfected control cells (Fig. 4B) . Because repeated attempts for overexpression of XIAP protein were unsuccessful in the LNCaP cell line, we utilized another widely studied human prostate cancer cell line (DU145) for this purpose. Similar to PC-3 cells, a 1.4-fold overexpression of XIAP (Fig. 4C ) conferred statistically significant protection against DATS-induced apoptosis in DU145 cells (Fig. 4D) . These results indicated that the DATS-induced apoptosis was mediated, at least in part, by suppression of XIAP protein expression.
XIAP overexpression conferred partial protection against DATS-induced apoptosis
Effect of survivin and cIAP1 knockdown on DATSinduced apoptosis Next, we proceeded to investigate the role of survivin and cIAP1 in regulation of DATS-induced apoptosis with the use of siRNA. Constitutive as well as DATS-inducible expression of survivin protein was reduced by more than 95% in PC-3 ( Fig. 5A ) and LNCaP cells (Fig. 5C ) on transient transfection with a survivin-targeting siRNA. Both cell lines became more sensitive to spontaneous histoneassociated DNA fragment release into the cytosol by survivin knockdown even in the absence of DATS-treatment (compare Fig. 5B for PC-3 with Fig. 5D for LNCaP cell line). However, enrichment of histone-associated DNA fragment release into the cytosol resulting from DATS exposure over DMSO-treated control did not differ significantly between PC-3 ( Fig. 5B) or LNCaP (Fig. 5D ) cells transfected with a nonspecific siRNA and survivin-targeting siRNA. Overall conclusions from the experiments involving cIAP1 knockdown in PC-3 ( Fig. 6A and B) and LNCaP cells (Fig. 6C and  D) were similar to those obtained with RNA interference of survivin. Collectively, these results indicated that while knockdown of survivin and cIAP1 rendered cells more sensitive to spontaneous apoptosis, DATS-induced apoptosis was not affected by their RNA interference.
Discussion
DATS is a promising cancer chemopreventive constituent of Allium vegetables with documented preventive efficacy against chemically induced cancers in rodents (6, (8) (9) (10) cancer development (12) . Previous cellular and in vivo tumor xenograft experiments have provided convincing evidence to implicate apoptosis in anticancer effect of DATS (11, 13, 18) . The main goal of the present investigation was to gain insights into possible involvement of IAP family proteins in regulation of DATS-induced apoptosis. The IAP family of proteins has emerged as key regulator of apoptosis in response to different stimuli, including death receptor activation, growth factor withdrawal, radiation, and genotoxic insults (32) (33) (34) . The IAPs are structurally characterized by the presence of baculovirus IAP repeat (BIR) domains (33) . Of the 8 IAP members XIAP (also referred to as BIRC4 or BIR-containing protein 4) is the best characterized and most potent inhibitor of caspase-3 and -7 (32) . Anticaspase activity of XIAP is attributed to its BIR domains; BIR3 domain inhibits caspase-9 whereas the BIR2 linker region is implicated in inhibition of caspase-3 and -7 (32). In addition, XIAP overexpression correlates with poor prognosis in some but not all cancers (32, 35, 36 (24, 26, 33) . Survivin has been shown to play an important role in both cell-cycle regulation and apoptosis control (39) . Survivin expression is absent or very low in most terminally differentiated normal tissues, but this protein is overexpressed in different types of cancers (27, 39, 40) . Survivin overexpression not only correlates with clinical pathologic variables of the aggressive disease but also confers treatment resistance in cancer cells (39, 41) . It is interesting to note that DATS treatment causes transcriptional upregulation of survivin in prostate cancer cells, which is not a cell line-specific phenomenon. However, survivin upregulation is unable to confer resistance against DATS-induced apoptosis because survivin knockdown has minimal effect on cell death resulting from DATS exposure. On the other hand, survivin knockdown alone renders prostate cancer cells more sensitive to spontaneous apoptosis through mechanisms not yet clear.
Expression of cIAP1 (BIRC2) is cell-cycle-dependent peaking in G 2 /M phase of the cell cycle and contributes to survival during mitotic arrest (42) . This protein has almost exclusive nuclear localization in proliferating cells, but is excluded from the nucleus during differentiation (43) . An integrative oncogenomics approach classifies cIAP1 as having oncogenic properties (44) . cIAP1 is a target gene within an amplicon at 11q22 found in 4% to 10% of esophageal, cervical, and hepatocellular cancers (45) . It was also documented recently that cIAP1 can interact with Max-dimerization protein-1, which is a negative regulator of Myc transcription factor, suggesting that cIAP may cooperate with c-myc to promote cell proliferation (46) . Overexpression of cIAP1 in DU145 cells has been shown to trigger polyploidy (47) . Similar to survivin, the DATS-treated PC-3 and LNCaP cells exhibit induction of the cIAP1 protein expression. Even though the mechanism underlying DATS-mediated induction of cIAP protein is not known, knockdown of cIAP1 protein has minimal effect on cell death resulting from DATS exposure in both PC-3 and LNCaP cells. Similar to survivin, knockdown of cIAP1 protein level increase spontaneous apoptosis in both PC-3 and LNCaP cells. These observations underscore efforts devoted to development of small molecule inhibitors of IAPs for cancer therapeutic purposes.
Four critical conclusions are discernible from the results described herein. First, the DATS-mediated alteration in IAP family proteins observed in cultured cells is generally translated in vivo. Second, DATS-induced apoptosis in prostate cancer cells is partially mediated by suppression of XIAP protein expression. Third, XIAP may serve as a useful biomarker to assess DATS response in future clinical investigations. Finally, DATS treatment causes induction of survivin and cIAP1 proteins but knockdown of their protein levels has minimal impact on DATS-mediated apoptosis. 
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